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ABSTRACT: Designing c o a l  p i l l a r s  t o  p rov ide  r e s i s t a n c e  
a g a i n s t  overburden and gob l o a d s  h a s  long  been a n  a i m  of  
rock mechanics e n g i n e e r s .  T h i s  requi rement  has  become more 
impera t ive  a s  g r e a t e r  overburdens a r e  encountered and when 
mining i n  s t i f f  coa l -bea r ing  s t r a t a .  Current  des ign  proce- 
dures  r e l y  on t h e o r i e s  of  c o a l  p i l l a r  behavior  t h a t  t a k e  
i n t o  c o n s i d e r a t i o n  a  common hypo thes i s .  This  hypothes is  
s t a t e s  t h a t  t h e  e last ic  c o r e  is sur rounded by an  i n e l a s t i c  
y i e l d  zone. The d i s t r i b u t i o n  of  s t r e s s  a t  low-to-moderate 
p i l l a r  l o a d s  h a s  been e f f e c t i v e l y  d e f i n e d  by t h i s  hypothe- 
sis. However, it s u f f e r s  g r e a t l y  when a p p l i e d  t o  l a r g e  
width- to-height  (w/h > l o )  c o a l  p i l l a r s  under cons ide rab le  
overburden (>500 m)  . I n  t h e s e  s i t u a t i o n s ,  t h e  hypothes is  
says  t h e  e las t ic  c o r e  can  ach ieve  u n r e a l i s t i c  stress s t a t e s  
g i v i n g  t h e  p i l l a r s  ex t remely  h i g h  c a l c u l a t e d  s t r e n g t h .  A 
growing body o f  f i e l d  s t u d i e s  h a s  shown t h i s  is  no t  t h e  
case.  I t  h a s  become c l e a r  t h a t  same o t h e r  mechanism must be 
involved.  It  is t h e  purpose of  t h i s  pape r  t o  d i s c u s s  t h e  
importance of an  i n t e r f a c e  s l i p  mechanism between t h e  coa l -  
bed and t h e  sur rounding  s t r a t a  i n  c o n t r o l l i n g  t h e  e x t e n t  and 
p a t t e r n  of stresses and deformat ions  i n  a  coa l  p i l l a r .  
1 INTRODUCTION 
Over t h e  y e a r s  e m p i r i c a l  methods f o r  des ign ing  c o a l  p i l -  
l a r s  ( ~ i e n i a w s k i ,  1984) have i n c o r p o r a t e d  a  s i z e  e f f e c t  
through t h e  concept  of t h e  i n  s i t u  c o a l  s t r e n g t h  and a  shape 
e f f e c t  through a  w/h r a t i o .  ~ m p i r i c a l  des ign  methods have 
been v e r y  u s e f u l  f o r  d e s i g n  purposes  i n  a r e a s  where exten- 
s i v e  mining h a s  a l lowed f o r  c a l i b r a t i o n  (overburdens <300 m 
and w/h < l o ) .  However, t h e s e  methods a r e  not based on any 
mechanical model f o r  c o a l  behav io r  and may n o t  be appro- 
p r i a t e  i n  d e s i g n i n g  c o a l  p i l l a r s  under  cons ide rab le  over- 
burdens w i t h  l a r g e  w/h r a t i o s .  
One h i g h l y  accep ted  t h e o r y  f o r  c o a l  p i l l a r  behavior  was 
proposed by Wilson (1972) .  H e  p o s t u l a t e d  t h a t  t h e  c o a l  f o l -  
lowed a  l i n e a r  Mohr-Coulomb f a i l u r e  c r i t e r i o n .  This  theory  
analyzed p i l l a r s  wi th  a n  e l a s t i c  c o r e  surrounded by an in- 
e l a s t i c  y i e l d  zone. The e x t e n t  of  t h e  y i e l d  zone i s  depen- 
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dent  upon t h e  coa l  s t r eng th ,  overburden, and t h e  condi t ion  
of t h e  roof and f l o o r  rocks. According t o  t h e  t heo ry ,  t he  
peak s t r e s s  should be encountered a t  t h e  boundary between 
t h e  y i e l d  zone and t h e  core.  The u l t i m a t e  s t r e n g t h  of t he  
p i l l a r  is  surpassed j u s t  p r i o r  t o  t h e  y i e l d i n g  of t h e  en t i r e  
core .  The assumption of a  l i n e a r  f a i l u r e  c r i t e r i o n  f o r  the  
core  and an exponent ia l  stress g rad i en t  f o r  t h e  y i e l d  zone, 
a l lows coal  p i l l a r s  wi th  s t rong  roof and f l o o r  rock t o  have 
The i n t e r f a c e  between coalbeds and surrounding roof rocks 
almost always r e p r e s e n t s  a  sharp  change i n  l i t h o l o g y .   his 
con tac t  su r face  i s  gene ra l l y  smooth and is o f t e n  pol ished.  
I n  a few l o c a t i o n s ,  t h e  con tac t  has been t h e  l o c a t i o n  of 
premining l a t e r a l  displacements  and could be cons idered  a 
bedding plane f a u l t .  Given t h e  n a t u r e  of t h e  i n t e r f a c e ,  it 
u n r e a l i s t i c  s t r e n g t h .  
Barron (1984) expanded 
Wilson's  hypothes is  t o  incorpo- 
r a t e  a  second f a i l u r e  mechanism 
f o r  c o a l .  A t  h igh conf in ing 
p re s su re s ,  t h e  model assumes 
pseudo-ductile behavior ,  o r  
deformation without  change i n  
stress, a s  t h e  f a i l u r e  mechan- 
i s m .  Therefore,  t h e  Barron 
model assumes a non-l inear  
f a i l u r e  c r i t e r i o n  f o r  t h e  mate- 
r i a l  i n  t h e  e l a s t i c  p i l l a r  
core .  This has t h e  advantage 
of l i m i t i n g  t h e  u l t i m a t e  p i l l a r  
s t r e n g t h  a s  overburden and w/h 
of t h e  p i l l a r s  i nc rea se .  The 
theory  i s  now being t e s t e d  wi th  
Bureau f i e l d  d a t a  and i s  being 
implemented i n t o  a  computer 
code. 
The above methods t end  t o  
p r e d i c t  a  wide range of 
s t r e n g t h s  f o r  l a r g e  p i l l a r s  
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(Figure  1). This  f i g u r e  shows Fi~ure 1. P i l l a r  s t r eng ths  
t h e  u l t ima te  s t r e n g t h s  of c a l c u l a t e d  by d i f f e r e n t  de- 
a c t u a l  p i l l a r s  of  d i f f e r e n t  s i g n  methods ( c o a l  
s i z e s  wi th in  t h e  same mine. str .  (a,) =6.2 MPa and over- 
The f i e l d  d a t a  was c o l l e c t e d  burden=564 m )  . 
with  new ins t rumenta t ion 
(Heasley, 1989) and i n  l o c a t i o n s  where p i l l a r s  have e i t h e r  
achieved o r  a r e  c l o s e  t o  achieving t h e i r  u l t i m a t e  s t r e n g t h  
(Iannacchione, 1988; Heasley and Barron, 1988; and ~ a m p o i i  
e t  a l . ,  1990).  Figure 2 shows stress g r a d i e n t s  i n  response 
t o  low, moderate and high load increments a f t e r  development 
of two of t h e s e  p i l l a r s .  The u l t i m a t e  s t r e n g t h  (development 
+ change i n  stress) of t h e s e  p i l l a r s  was measured between 55 
and 65 MPa. These r e s u l t s  i n d i c a t e  t h a t  l a r g e  c o a l  p i l l a r s  
may indeed f a i l  a t  s i m i l a r  average stress va lues .  
is reasonab le  t o  
assume t h e  coalbed 
i n t e r f a c e  w i l l  have 
mate r ia l  p r o p e r t i e s ,  
such a s  cohesion (C,) 
c o n c e n t r a t e d i n t h e  bigure 2 .  V e r t i c a l  s t r e s s g r a d i e n t s  
coal  p i l l a r s ,  s l i p  of two abutment p i l l a r s  a t  low, mod- 
w i l l  Occur when the e r a t e  and high loads .  
f r i c t i o n a l  r e s i s t a n c e  
of t h e  i n t e r f a c e  is 
K ~ ' i  
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( )  less than  t h e  
coal .  There fore ,  a s  
mine openings a r e  
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Once a p o r t i o n  of t h e  i n t e r f a c e  s l i p s ,  t h e  ho r i zon t a l  
stress component a long t h e  i n t e r f a c e  is a l s o  decreased,  
thereby reducing p i l l a r  confinement. Th i s  lowers t h e  p i l -  
l a r s  a b i l i t y  t o  suppor t  v e r t i c a l  stress. Ver t i ca l  loads  a r e  
t h e r e f o r e  t r a n s f e r r e d  f a r t h e r  i n t o  t h e  p i l l a r  core  which may 
i n  t u r n  induce f a r t h e r  s l i p  along o t h e r  por t ions  of t h e  
i n t e r f a c e .  Eventual ly ,  t h e  f r i c t i o n a l  r e s i s t a n c e  of  t h e  
e n t i r e  i n t e r f a c e  may be overcome, caus ing considerable  
l a t e r a l  p i l l a r  movement i n t o  t h e  mine opening. T h i s  move- 
ment may be gradua l  o r  v i o l e n t  depending on t h e  mate r ia l  
p r o p e r t i e s  of t h e  s t r a t a  and t h e  i n t e r f a c e ,  t h e  stress 
l e v e l s  w i t h i n  t h e  c o a l  and t h e  loading r a t e  app l ied  t o  t h e  
coa l .  
A mechanism such a s  t h i s  has  been suggested by Babcock and 
Bickel (1984) a s  a  pos s ib l e  explanat ion  f o r  coa l  b u r s t s .  
They proposed t h a t  t h e  sudden r e l e a s e  i n  c o n s t r a i n t  between 
t h e  c o a l  p i l l a r  and t h e  surrounding s t r a t a  due t o  s l i ppage  
between t h e  coalbed and roof rock could produce changes i n  
t h e  stress s t a t e  of t h e  p i l l a r ,  i n i t i a t i n g  a  bu r s t .  
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Although no direct  measurements of t h e  mate r ia l  p r o p e r t i e s  
of coalbed i n t e r f a c e s  have been nade, there e x i s t s  a con- 
s i d e r a b l e  amount of information concerning t h e  p r o p e r t i e s  of 
o the r  d i s c o n t i n u i t i e s .  These p r o p e r t i e s ,  C, and $,, a r e  in-  
f luenced by s u r f a c e  roughness, normal stress, moisture con- 
t e n t ,  width and. i n f  ill of f i s s u r e s ,  and degree of weather- 
ing.  Barton (1976) has  ind ica ted  t h a t  t h e  major i ty  of un- 
weathered rock s u r f a c e s  have +, ranging from 25' t o  35' a t  
medium stress l e v e l s ,  while Farmer (1983) repor ted  @, of 10" 
t o  2 0 '  f o r  t y p i c a l  d i s c o n t i n u i t y  wi th  c l a y  i n f i l l .  In  s i t u  
coa l  ha s  been suggested t o  have + of 2 2 '  t o  2 7 '  (Mark, 1988) 
and a cohesion of 0.07 t o  1.38 MPa (Barron, 1984) . There- 
f o r e ,  t h e  coalbed i n t e r f a c e  +, could range from a smooth 
j o i n t  s u r f a c e  (@,=25' ) t o  a  f a u l t  gouge ( l o  ' ) . C, could 
range from approximately 1 .38 MPa f o r  unpolished su r f ace s  t o  
0 MPa f o r  w e t  po l i shed  con tac t s .  
~ e t e r m i n a t i o n  of t h e  p o t e n t i a l  f o r  s l i p  a t  va r ious  s t r e s s  
l e v e l s  w i th in  a  c o a l  p i l l a r  must t a k e  i n t o  cons idera t ion  t h e  
v a r y i n g  s t a t e  of  stress a l o n g  the  i n t e r f a c e .  Because o f  the 
complex n a t u r e  o f  stress p r o f i l e s  a c r o s s  the  i n e l a s t i c  and 
e l a s t i c  zones  of  c o a l  p i l l a r s ,  a d e t a i l e d  a n a l y s i s  o f  the  
i n f l u e n c e  of c o a l b e d  i n t e r f a c e s  on p i l l a r  b e h a v i o r  r e q u i r e s  
t h e  u s e  o f  numer i ca l  p rocedures .  
I I 
4 PILLAR MODELS WITHOUT 
INTERFACE SLIP 
A numer ica l  code  called FLAc' 
( I tasca,  1 9 8 9 )  w a s  chosen  t o  
e v a l u a t e  t h e  e f f e c t  o f  i n t e r -  
f a c e s  on t h e  b e h a v i o r  of  c o a l  
p i l l a r s .  T h i s  code  is a n  
e x p l i c i t  l a r g e - s t r a i n  f i n i t e  
d i f f e r e n c e  code w i t h  a model 
which assumes t h a t  t h e  rock  
mass obeys  a  Mohr-Coulomb 
e l a s t o - p l a s t i c  model where 
c o h e s i o n ,  f r i c t i o n  and d i l a t -  
ancy  a n g l e  may be c o n t r o l l e d  as 
f u n c t i o n s  of p l a s t i c  s t r a i n .  
T h i s  p rog ram ' s  s t r a i n  s o f t e n i n g  
c a p a b i l i t y  h a s  t h e  advantage  o f  
s o l v i n g  problems c o n t a i n i n g  
e x t e n s i v e l y  y i e l d e d  m a t e r i a l  
s u b j e c t e d  t o p  l a r g e  inc remen t s  
o f  l o a d  changes .  
p r e v i o u s  u t i - l i z a t i o n  o f  the  
s t r a i n  s o f t e n i n g  p r o c e d u r e  
( I annacch ione  , 1989)  showed 
r e a s o n a b l y  good r e s u l t s  i n  s i m -  
u l a t i n g  c o a l  cube  and p i l l a r  
b e h a v i o r s  a t  low and moderate  
very high loads 
high loads 
0 2 4 6 
Distance from rib of pillar, m 
loo-- 
Figure 3. V e r t i c a l  stress 
p r o f i l e s  a c r o s s  p i l l a r s  a t  
i n c r e a s i n g  l o a d  increments .  
Values  above  c u r v e s  r e p r e -  
s e n t  a v e r a g e  stress. 
conf inemen t s  ( o r  low t o  moder- 
a t e  a p p l i e d  p r e s s u r e ) .  F i g u r e  3 shows a real ist ic  deve lop-  
ment o f  a  y i e l d  zone,  peak stress and e las t i c  c o r e  d u r i n g  
i n c r e m e n t a l  l o a d i n g  o f  a modeled p i l l a r .  
The s t r a i n  s o f t e n i n g  model w a s  found t o  be i n a c c u r a t e  a t  
h i g h  con f inemen t s  ( o r  h i g h  a p p l i e d  p r e s s u r e ) ,  d u e  t o  t h e  
modeled p i l l a r ' s  e x t r e m e l y  h i g h  peak stress v a l u e s  ( f i g u r e  
3 ) .  Peak stress l e v e l s  w i t h i n  abutment p i l l a r s  w i t h  h i g h  
w/h r a t i o s  r a r e l y  exceed 7 0  MPa , whereas ,  t h e  peak  s t r e s s e s  
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49 MPa 
The e f f e c t  o f  t h e  i n t e r f a c e  s l i p  mechanism on t h e  behav io r  
of c o a l  p i l l a r s  was modeled by u t i l i z i n g  the  s t r a i n  s o f t e n -  
i n g  model w i t h  a n  i n t e r f a c e  a t  t h e  coalbed boundary.  I n  
t h i s  model,  18 .3  m wide by 3 . 1  m h i g h  p i l l a r s  are s e p a r a t e d  
'This d o e s  n o t  imply endorsement of t h e  program by t h e  
U S .  Bureau of Mines. 
by 5.5 m wide entries 
(figure 4) . The super- 
and subadjacent strata are 
an elastic homogeneous 
material (roof - E=34.5 
Gpa and v=0.3; coal - 
p2.1 GPa and v=0.3). The 
model grid was fixed ver- 
tically along the bottom 
and horizontally along 
both sides. The top row 
of the grid is free in the 
vertical direction, allow- 
ing application of a down- 
ward pressure in 3.45 MPa 
increments. After each 
increment of applied pres- 
sure, the model was 
allowed to reach total 
equilibrium. The explicit 
formulation of the code 
requires that a model be 
stepped through small time 
periods until it reaches 
equilibrium. The equilib- 
rium state was monitored 
by observing horizontal 
velocities of the pillar as 
adjacent opening. Once the 
applied pressure to the top 
the model stepped again to 
6 EFFECTS OF INTERFACE ON 
PILLAR STRESS 
The influence of the 
interface slip mechanism 
on pillar behavior is best 
illustrated by observing 
stress profiles during 
loading and by measuring 
the ultimate strength of 
the pillars. As stated, 
@, and C, for a coalbed 
discontinuity most likely 
range from 5' to 20' and 0 
to 1.03 MPa. Therefore, a 
series of models were run 
Figure I .  Model for simulating 
pillar behavior with interface 
slip mechanism. 
the coal llslipped" into the 
pillar stopped moving, the 
of the model was increased and 
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arbitrary model time increments 
Figure 5. Use of velocity monit- 
oring to determine equilibrium 
state after the incremental in- 
crease in applied pressure. Key 





using various combinations 
of these interface material properties. 
Examination of the vertical stress profiles with a @, = 
15" (Figure 6) indicates that the interface slip mechanism 
tends to control the rate at which the inelastic yield zone 
develops in response to increasing increments of applied 
pressure. In this way, the modeled pillar can have dif- 
ferent shaped vertical stress profiles (width of yield zone 
\ :;zieZ: pressure p\ 
'"\~/ 
I I 1 T 1 
and magnitude of peak stress) base  s o l e l y  upon t h e  i n t e r f a c e  
m a t e r i a l  p r o p e r t i e s .  
Ana lys i s  of  stress p r o f i l e s  a t  d i f f e r e n t  combinat ions of 
i n t e r f a c e  m a t e r i a l  p r o p e r t i e s  cont inued  u n t i l  t h e  modeled 
p i l l a r  reached  i t s  u l t i m a t e  s t r e n g t h .  I n  t h e  model, t h e  
u l t i m a t e  s t r e n g t h  o f  t h e  p i l l a r s  occurred  when a l l  b u t  t h e  
innermost  zones w i t h i n  t h e  c o a l  p i l l a r  had undergone p l a s t i c  
deformat ion  o r  when t h e  c o a l  e lements  would n o t  come t o  r e s t  
(vel=O) a f t e r  inc remen ta l  a p p l i c a t i o n  of a p p l i e d  p r e s s u r e .  
These average  v e r t i c a l  s t r e s s  c o n d i t i o n s  a t  t h e  p i l l a r ' s  
u l t i m a t e  s t r e n g t h  were analyzed i n  r e l a t i o n  t o  t h e  i n t e r f a c e  
m a t e r i a l  p r o p e r t i e s  (@, and C, ) .  F igure  7 shows t h a t  d i f -  
f e r e n t  @ , I s  and C , I s  produce d i f f e r e n t  v e r t i c a l  stress pro- 
f i l e s  which i n  t u r n  a l t e r  t h e  
l o a d  b e a r i n g  c a p a c i t y  o f  t h e  
p i l l a r .   his graph i n d i c a t e s  
t h a t  @, of  >20°  and C, of >1.38 
1570.34 MPa I) 
MPa s i m u l a t e  p i l l a r  s t r e n g t h s  
comparable t o  a  model wi thou t  15m.69 MPa I) 
i n t e r f a c e  s l i p .  I t  a l s o  shows 
t h a t  a  s l i g h t l y  s l i c k e n s i d e d  
i n t e r f a c e  (@, of 15 '  and C, of 
0.69 MPa) could  r educe  p i l l a r  
s t r e n g t h s  by approximate ly  50%. 
Unfor tuna te ly ,  t h e  u s e  of a  
l i n e a r  Mohr-Coulomb f a i l u r e  
c r i t e r i o n  wi th  s t r a i n  s o f t e n i n g  
r e s u l t e d  i n  a n  ex t remely  l a r g e  
i n e l a s t i c  zone w i t h  a h i g h  peak 
p i l l a r  s t r e s s .  The magnitudes 
of t h e s e  y i e l d  zones and peak 
s t r e s s e s  do n o t  c o r r e l a t e  w e l l  Figure 6.  I n f l u e n c e  of d i f -  
w i t h  f i e l d  o b s e r v a t i o n s .  A f e r e n t  i n t e r f a c e  p r o p e r t i e s  
p r o p e r l y  des igned  n o n l i n e a r  on v e r t i c a l  stress g r a d i -  
Mohr o r  Mohr-Coulomb ( i .e .  Hoek e n t s  w i t h  s i m i l a r  load  con- 
and Brown model) f a i l u r e  c r i t e -  d i t i o n s .  
r i o n  cou ld  r educe  t h e  s i z e  of  
t h e  y i e l d  zone and t h e  magnitude of p i l l a r  c o r e  s t r e s s e s  
r e s u l t i n g  i n  a  more a c c u r a t e  s imula t ion .  
7 EFFECTS OF INTERFACE ON PILLAR DEFORMATION 
I t  is u s e f u l  t o  examine t h e  manner i n  which t h e  modeled 
g r i d  deforms i n  r e s p o n s e s  t o  i n c r e a s e d  increments  o f  l o a d  
and compare it w i t h  p i l l a r  deformat ions  observed  i n  t h e  
f i e l d .  Magnitudes of  deformat ion  produced by t h e  model a r e  
u n r e a l i s t i c  compared wi th  f i e l d  d a t a .  However, t h e  r e l a t i v e  
magnitudes of t h e  deformat ions  a s s o c i a t e d  w i t h  t h e  i n e l a s t i c  
and e l a s t i c  c o a l  zones appear  realist ic.  More impor tan t ,  
t h e  shape of t h e  modeled p i l l a r  deformation appea r s  t o  
c l o s e l y  r e p r e s e n t  t h e  p a t t e r n  of deformat ions  observed 
underground. Models run wi thout  an i n t e r f a c e  show a  r o t a -  
t i o n a l  d i s t o r t i o n  of  t h e  e lements  of t h e  p i l l a r  c l o s e  t o  t h e  
i n t e r f a c e  ( F i g u r e  8 b ) .  When t h e  i n t e r f a c e  s l i p  is  allowed, 
t h e  modeled c o a l  p i l l a r  t e n d s  t o  lvflowlq l a t e r a l l y  i n t o  t h e  
mine opening ( F i g u r e  8 c ) .  The p e n e t r a t i o n  o f  e lements  is 
caused e i t h e r  by t h e  r e l a t i v e l y  
low s t i f f n e s s  ass igned t o  t h e  
i n t e r f a c e  o r  displacement  of 
elements beyond t h e  i n t e r f a c e .  
The uniform l a t e r a l  deformation 
ac ross  a  v e r t i c a l  s e c t i o n  of 
coa l ,  appears  t o  more c l o s e l y  
r ep re sen t  observed cond i t i ons ,  
e s p e c i a l l y  a t  h igh load  condi- 
t i o n s .  
8 SUMMARY AND CONCLUSIONS 
Using d a t a  ga thered  from 
r ecen t  f i e l d  s t u d i e s  and numer- 
i c a l  models, t h e  e f f e c t  of a  
coalbed i n t e r f a c e  s l i p  mechan- 
i s m  on p i l l a r  behavior  was 
i nves t i ga t ed .  The important  
c h a r a c t e r i s t i c s  of t h e  i n t e r -  
f ace  s l i p  mechanism a r e  summa- 
r i z ed  below: 
1) The coal-roof  rock i n t e r f a c e  
ranges from a  sharp  break i n  
l i t h o l o g y  t o  a  po l i shed ,  s l i c k -  
ensided s u r f a c e .  
2 )  Although no d i r e c t  mea- 
surements e x i s t  concerning t h e  
mate r ia l  p r o p e r t i e s  of t h e  
coalbed i n t e r f a c e  d i scon t inu-  
i t y ,  t h e  @, should range from 
1 0 '  t o  2 0 '  and t h e  C, should 
range from 0 t o  1.03 MPa. 
3 )  I n t e r f a c e  s l i p  t e n d s  t o  con- 
t r o l  t h e  r a t e  a t  which t h e  
i n e l a s t i c  y i e l d  zone develops 
i n  response t o  i nc r ea s ing  
increments of app l i ed  p ressure .  
4 )  Lower i n t e r f a c e  f r i c t i o n a l  
p r o p e r t i e s  lower t h e  u l t i m a t e  
s t r eng th  of t h e  c o a l  p i l l a r .  
5 )  A s  t h e  m a t e r i a l  p r o p e r t i e s  
of t h e  i n t e r f a c e  approach t h a t  
of t h e  y i e l d e d  c o a l ,  i ts  e f f e c t  
on p i l l a r  s t r e n g t h  diminished. 
6 )  A t  moderate f r i c t i o n a l  
p r o p e r t i e s  (@, = 15' and C, = 
0.69 MPa), t h e  u l t i m a t e  p i l l a r  
s t r eng th  i s  reduce by 50%. 
7 )  A t  low f r i c t i o n a l  p r o p e r t i e s  
(a, < l o 0  ; C, = 0 )  , t h e  u l t i m a t e  
p i l l a r  s t r e n g t h  may be reduced 
by >80%. 
8 )  The i n t e r f a c e  s l i p  mechanism 
allows t h e  c o a l  p i l l a r  t o  move 
p ~ l l a r  wi thout  i n te r face  1 8 0 , - - - -  
I I K E Y  f I 
c 0 MPa - 
--- C =0 .34MPa 
- -  
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Figure 7. Graph showing t h e  
r e l a t i o n s h i p  between @, , C, 
and u l t i m a t e  s t r e n g t h  of 
p i l l a r s  with i n t e r f a c e  s l i p  
mechanism. 
~ i g u r e  8. Deformation of 
p i l l a r  represented by d i s -  
t o r t i o n  of g r i d .  [Note: a )  
no app l i ed  p ressure ,  b) 
l a r g e  app l ied  pressure  
wi thou t  i n t e r f a c e ,  c )  l a r g e  
a p p l i e d  pressure  with 
i n t e r f a c e ]  
almost uniformly into the mine opening. 
Conclusions drawn from this investigation are-- 
1) The effects of interface slip should be considered in 
designing large coal pillars. Failure do so may result in 
overestimating pillar strength. 
2) The addition of the interface slip mechanism with a 
linear failure criterion/strain softening model still does 
not correctly reproduce the behavior of observed coal pil- 
lars. A properly designed nonlinear Mohr or Mohr-Coulomb 
failure criterion that delays the onset of plastic deforma- 
tion in the low confinement zones and hastens plastic defor- 
mation in the high confinement zones needs to be incor- 
porated into pillar behavior mechanisms. 
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